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ABSTRACT
Several studies have suggested that the observed size evolution of massive early-type galaxies (ETGs)
can be explained as a combination of dry mergers and progenitor bias, at least since z ∼ 1. In this
paper we carry out a new test of the dry-merger scenario based on recent lensing measurements of
the evolution of the mass density profile of ETGs. We construct a theoretical model for the joint
evolution of the size and mass density profile slope γ′ driven by dry mergers occurring at rates given
by cosmological simulations. Such dry-merger model predicts a strong decrease of γ′ with cosmic time,
inconsistent with the almost constant γ′ inferred from observations in the redshift range 0 < z < 1.
We then show with a simple toy model that a modest amount of cold gas in the mergers – consistent
with the upper limits on recent star formation in ETGs – is sufficient to reconcile the model with
measurements of γ′. By fitting for the amount of gas accreted during mergers, we find that models
with dissipation are consistent with observations of the evolution in both size and density slope, if
∼ 4% of the total final stellar mass arises from the gas accreted since z ∼ 1. Purely dry merger models
are ruled out at > 99% CL. We thus suggest a scenario where the outer regions of massive ETGs grow
by accretion of stars and dark matter, while small amounts of dissipation and nuclear star formation
conspire to keep the mass density profile constant and approximately isothermal.
Subject headings: galaxies: elliptical and lenticular, cD — galaxies: evolution
1. INTRODUCTION
One of the challenges faced by cosmological models is
reproducing the observed population of massive quies-
cent galaxies across cosmic times. In recent years, there
has been growing interest in the problem posed by the ap-
parent rapid size evolution of quiescent galaxies between
z ∼ 2 and z ∼ 1 (e.g. Daddi et al. 2005; Trujillo et al.
2006; van Dokkum et al. 2008; Cassata et al. 2011).
How much the evolution of the mass-size relation cor-
responds to a physical size growth of individual ob-
jects as opposed to progenitor bias is still under debate
(Newman et al. 2012; Carollo et al. 2013; Belli et al.
2013).
Theoretical studies aimed at matching the observed
size evolution of quiescent galaxies have focused on dissi-
pationless (dry) mergers (Naab et al. 2009; Nipoti et al.
2009a; van der Wel et al. 2009; Hopkins et al. 2010;
Oser et al. 2012; Hilz et al. 2013), as the low star forma-
tion rates measured in these galaxies leaves little room
for a significant occurrence of dissipative (wet) mergers.
The predicted and observed merger rates in a dry-merger
scenario, while still insufficient to reproduce the size
growth observed at z & 1.5, seem to be able to account
for the late (z . 1.5) size evolution of quiescent galax-
ies (Nipoti et al. 2012; Newman et al. 2012; Posti et al.
2013). In particular, Nipoti et al. (2012) have shown
that, on average, the predictions of a purely dry merger
model are marginally consistent with the observationally
inferred evolution of theM∗−Mh andM∗−Reff relations
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in the redshift range 0 . z . 1.3. Dry mergers, how-
ever, appear difficult to reconcile with the tightness of
the observed scaling relations (Nipoti et al. 2009a, 2012;
Shankar et al. 2013). It is not clear then if models based
purely on dry mergers can capture the relevant aspects
of the evolution of early-type galaxies (ETGs), or if addi-
tional physical ingredients are required. In order to make
progress, new observational tests are needed.
We introduce in this paper a new test by adding to the
size-evolution constraints the recent measurement of the
evolution of the slope γ′ of the total density profile of
massive (M∗ > 10
11M⊙) ETGs in the range 0 < z < 1.
Sonnenfeld et al. (2013b) show that ETGs increase in
mass and size while keeping their density slope approx-
imately constant and close to isothermal (γ′ ≈ 2). By
combining these two observational constraints we show
that an evolution driven by purely dry mergers is ruled
out, and some amount of dissipation is needed.
The paper is organized as follows. In Section 2 we con-
struct a dry-merger evolutionary model and we compare
with observations the evolution of γ′ for a sample of mock
galaxies. In Section 3 we extend the model by including
dissipation in the mergers and compare the predictions
of this new model with observations. In Section 4 we
quantify the amount of dissipation needed to fit both
observational constraints and compare. We then discuss
our results in Section 5 and conclude in Section 6.
2. DRY MERGERS
2.1. Evolution in mass, size, and density slope
In the dry-merger scenario, galaxies increase their stel-
lar and dark mass by accreting material from other galax-
ies. No new stars are generated during or after the
merging process. Nipoti et al. (2012) presented an an-
alytic model, based on both cosmological and galaxy-
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mergerN -body simulations, which allows to compute the
dry-merging driven evolution of halo mass Mh, stellar
mass M∗, effective radius Reff and velocity dispersion,
expected for spheroidal galaxies in ΛCDM cosmology.
We refer the reader to Nipoti et al. (2012) for a detailed
description of the model: here we just recall that the
merger rate, as a function of z, Mh and merger mass ra-
tio ξ, is the one measured in the Millennium simulations
(Fakhouri et al. 2010) and that the variations in Reff and
M∗ are related by
d lnReff
d lnM∗
(ξ) =
[
2−
ln (1 + ξ2−βR)
ln (1 + ξ)
]
, (1)
where βR is the logarithmic slope of the stellar mass-
size relation (Reff ∝ M
βR
∗ ). The model depends on
few parameters (essentially βR and the minimum merger
mass ratio ξmin) and on the stellar-to-halo mass rela-
tion (SHMR) used to associate halo and stellar masses.
Here we adopt the model of Nipoti et al. (2012) with
ξmin = 0.03, βR = 0.6 and Leauthaud et al. (2012)
SHMR, but we verified that our results do not depend
significantly on these choices.
In this paper we extend the model by computing
the change in the slope γ′ of the total density profile
to be compared with measurements of the same quan-
tity from the lensing and stellar kinematics study of
Sonnenfeld et al. (2013b). In practice, we need a for-
mula analogous to equation (1), which gives dγ′/d lnM∗
expected for dry mergers as a function of the merger mass
ratio of ξ. For this purpose, we use a set of dissipationless
binary-merger N -body simulations, which are described
in Section 2.2. The analysis of these N -body calculations
leads us to parameterize the change in γ′ resulting from
mergers of mass ratio ξ as
dγ′
d lnM∗
(ξ) = aξ + b, (2)
with a = 0.6 and b = −0.73 (dashed line in Figure 1). In
practice, dry mergers make the density profile shallower
and, for the same amount of total accreted mass, minor
mergers are more effective at changing the density slope
than major mergers.
We note that throughout the paper ξ indicates the dark
matter mass ratio between the satellite and the main
galaxy. The corresponding stellar mass ratio is in general
different from ξ, becauseM∗/Mh depends onMh. In our
model when a halo of mass Mh undergoes a merger with
mass ratio ξ the increase in dark matter mass is ξMh,
and the increase in stellar mass is R∗hξMh, where R∗h
is the ratio of stellar to dark matter mass of the satellite.
For given increase in stellar mass, the variation of Reff
and γ′ depends on ξ, but not on R∗h: this is justified
because our N -body simulations indicate that the effect
of varying R∗h is small (see Section 2.2).
2.2. N -body simulations of binary dissipationless
mergers
In order to estimate dγ′/d lnM∗ as a function of the
merger mass ratio ξ (see Section 2.1), we collect a set
of dissipationless binary-merger N -body simulations by
combining new simulations and simulations from previ-
ous works. In particular we take four simulations with
Fig. 1.— Change in the density slope γ′ per logarithmic unit
of accreted stellar mass as a function of merger mass ratio ξ in
dissipationless binary-merger N-body simulations. The different
models are described in Table 1. Filled symbols indicate head-on
mergers while empty symbols refer to off-axis mergers (for the sake
of clarity, the filled and empty points are shifted horizontally by
-0.02 and 0.02, respectively). The error bars account for projection
effects. The dashed line is the linear best-fit to the set of models
D. In the case ξ = 1 we consider two successive steps of a merger
hierarchy: mergers of two D models (step 1; lower points the plot)
and re-mergers of the remnant of step 1 with an identical system
(upper points in the plot).
ξ = 1 and Mh/M∗ = 49 of Nipoti et al. (2009b, runs
named 2D1ph, 2D1po, 4D1ph, 4D1po in table 2 of that
paper) and two simulations with ξ = 0.2 and Mh/M∗ =
49 of Nipoti et al. (2012, see section 3.3.2 in that paper).
Our reference set of binary-merger simulations (named
set D in Table 1 and Figure 1) is supplemented by two
new simulations with ξ = 0.5 and Mh/M∗ = 49 (in
all runs of this set the main galaxy and satellite have
the same Mh/M∗). In these simulations (except runs
4D1ph and 4D1po, which are re-mergers of runs 2D1ph
and 2D1po; see Nipoti et al. 2009b) both the progenitor
galaxies are represented by the two-component galaxy
model D of Nipoti et al. (2009b, see table 1 of that pa-
per). In all the runs of this set the ratio between the
effective radius of the satellite and of the main galaxy is
ξ0.6 and the orbits are parabolic: some encounters are
head-on (rperi = 0), others are off-axis (rperi/rvir ≃ 0.2
for ξ = 0.2 and ξ = 0.5; see Nipoti et al. (2009b) for the
orbital parameters of the ξ = 1 runs). Here rperi is the
pericentric radius and rvir is the virial radius of the main
halo.
In order to minimize systematic errors, we measure
γ′ in simulated galaxies with the same method used in
observations. In particular, the density slope γ′ mea-
sured by Sonnenfeld et al. (2013b) is obtained by fit-
ting a power-law ρ ∝ r−γ
′
to the luminosity-weighted
line-of-sight velocity dispersion within a circular aper-
ture of radius Reff/2 and to the total projected mass
within a cylinder of radius REin. For a given lens the
value of the Einstein radius REin depends on the dis-
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TABLE 1
Paramaters of galaxy models in dissipationless binary-merger
N-body simulations.
Set (Mh/M∗)1 C1 (rs/Reff )1 (Mh/M∗)2 C2 (rs/Reff )2
D 49 8.0 11.6 49 8.0 11.6
D1 49 5.0 11.6 49 5.0 11.6
D2 49 8.0 6.0 49 8.0 6.0
D3 49 8.0 11.6 35 8.5 8.8
D4 49 8.0 11.6 75 8.5 15.0
Note. — Set: name of the simulation set. C: NFW concentration.
rs: NFW scale radius. Reff : effective radius. Mh: total dark-matter
mass. M∗: total stellar mass. Subscript 1 is for the main galaxy,
subscript 2 for the satellite.
tance of the lensed background source: REin increases
for increasing source redshift zs. Typical strong lenses
such as those of the SLACS (Auger et al. 2009) or SL2S
(Sonnenfeld et al. 2013a) surveys have Einstein radii not
too different from their effective radii. Sonnenfeld et al.
(2013b) showed that measurements of γ′ with lensing and
stellar dynamics are very stable against variations of the
ratio REin/Reff . When measuring γ
′ in simulated galax-
ies we will always assume REin = Reff , as varying the
ratio REin/Reff has little impact on the measured γ
′.
For our reference set of N -body simulations (set D)
dγ′/d lnM∗ as a function of the merger mass ratio ξ
is fitted by Equation 2 with a = 0.60 ± 0.19 and b =
−0.73 ± 0.13. The evolution in γ′ is obtained by fixing
the parameters a and b in Equation 2 to their best-fit
values. We verified that our results are robust against
variations of a and b within the measured uncertainties.
Of course, it is important to verify whether the adopted
formula for dγ′/d lnM∗(ξ) is also robust against varia-
tion of the parameters characterizing the galaxy mod-
els. For this purpose we ran eight additional simulations
with the same orbital and galaxy parameters as the cor-
responding simulations of set D, but changing the con-
centration C ≡ rvir/rs, where rs is the Navarro Frenk
and White (NFW Navarro et al. 1997) scale radius, the
stellar-to-halo mass ratio M∗/Mh and the ratio rs/Reff
of the progenitor galaxies. The values of the parameters
of these additional sets of simulations (named D1, D2,
D3 and D4) are reported in Table 1 and are chosen to
span the range of values expected for real galaxies. We
note that in all cases the progenitors have γ′ in the range
1.97 . γ′ . 2.03. The results of the runs D1, D2, D3 and
D4 are very similar to those of the corresponding runs
D (see Figure 1). Thus we conclude that our adopted
formula is robust with respect to variations in the prop-
erties of the host galaxy and its satellite within realistic
ranges.
All the binary-merger N -body simulations were run
with the parallel N -body code FVFPS (Fortran Ver-
sion of a Fast Poisson Solver; Londrillo et al. 2003;
Nipoti et al. 2003). The parameters of the simulations
with ξ = 1 are given in Nipoti et al. (2009b). In the runs
with ξ < 1 we adopted the following values of the code
parameters: minimum value of the opening parameter
θmin = 0.5 and softening parameter ε = 0.04Reff, where
Reff is the initial effective radius of the main galaxy.
The time-step ∆t, which is the same for all particles,
is allowed to vary adaptively in time as a function of
the maximum particle density ρmax: in particular, we
adopted ∆t = 0.3/(4piGρmax)
1/2. The initial conditions
of the new simulations are realized as in Nipoti et al.
(2009b), but with dark matter particles twice as massive
as the stellar particles. The total number of particles
used in each simulation is in the range 1.6− 3.4× 106.
In all the simulations used in this work the galaxy col-
lision is followed up to the virialization of the resulting
stellar system. We define the merger remnant as the
systems composed by the bound stellar and dark matter
particles at the end of the simulation. The intrinsic and
projected properties of the progenitors and of the merger
remnants are determined as in Nipoti et al. (2009b), with
the exception of γ′, which, as pointed out above, is com-
puted with the same procedure used for observed lenses
by Sonnenfeld et al. (2013b).
2.3. The model sample
Our goal is to follow the evolution of a sample of model
galaxies between z = 1 and z = 0, matching the char-
acteristic of the sample observed by Sonnenfeld et al.
(2013b). We thus consider Ngal = 1000 objects with
logM∗ drawn from a Gaussian with mean µ∗ = 11.5 and
dispersion σ∗ = 0.3. The starting point of the evolution-
ary tracks of all galaxies is fixed at z = 0.3, which is
the redshift for which observations of γ′ are most robust.
Effective radii are drawn from the mass-size relation mea-
sured by Newman et al. (2012). Halo masses are assigned
with the same SHMR used in the galaxy evolution model
described in Section 2.1. For fixed M∗, Mh and Reff , the
value of γ′ is not uniquely determined as this depends
on additional parameters, such as the orbital anisotropy
and the concentration of the dark matter halo. The ini-
tial values of γ′ are then drawn from the distribution
measured by Sonnenfeld et al. (2013b). Once the initial
values are set, M∗, Mh, Reff and γ
′ are evolved according
to our model as described in Section 2.1.
Roughly half of the accreted stellar mass and the cor-
responding change in γ′ is due to mergers with ξ < 0.2.
Since ξ = 0.2 is the smallest mass ratio we consider in
our N -body simulations, our predictions on the evolu-
tion of γ′ for the sample of mock galaxies relies in part
on an extrapolation of Equation 2. We verified that even
in the extreme case in which the function dγ′/d lnM∗(ξ)
flattens abruptly below ξ = 0.2 the conclusions of our
analysis do not change.
2.4. Comparison with observations
The measurements by Sonnenfeld et al. (2013b) con-
strain the parameter γ′ in ETGs as a function of their
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redshift, stellar mass and half-light radius. The mean
change of γ′ with one of these parameters and others
fixed is measured to be
∂γ′
∂z
= −0.31± 0.10, (3)
∂γ′
∂ logM∗
= 0.40± 0.16, (4)
∂γ′
∂ logReff
= −0.76± 0.15. (5)
According to the formalism introduced in
Sonnenfeld et al. (2013b), the observed change of
γ′ with redshift for a galaxy with a mass growth rate
d logM∗/dz and a size growth rate of d logReff/dz is
dγ′
dz
=
∂γ′
∂z
+
∂γ′
∂ logM∗
d logM∗
dz
+
∂γ′
∂ logReff
d logReff
dz
.
(6)
The quantities d logM∗/dz and d logReff/dz are not con-
strained by the observations, but are directly provided by
our model for the dry merger evolution of galaxies.
An implicit assumption of Equation 6 is that the ob-
served trends of γ′ with stellar mass and size are de-
termined uniquely by the intrinsic evolution of galaxies,
and not by the appearance of new objects with time.
This is a reasonable approximation, given that the to-
tal number density of quiescent galaxies has little evolu-
tion since z ∼ 1 (Cassata et al. 2013), particularly at the
large masses of our sample (Ilbert et al. 2013).
Figure 2 shows the model evolution of the density slope
averaged over the sample of 1000 galaxies, 〈γ′〉. The
mean change in γ′ with redshift for the sample aver-
age is dγ′/dz = 0.33, and the scatter over the sample is
σdγ′/dz = 0.15. The average mass and size growth rates
are d logM∗/dz = −0.27 (galaxies roughly double in stel-
lar mass from z = 1 to z = 0) and d logReff/dz = −0.36
respectively. The figure also shows the observed mean
change in γ′ calculated following Equation 6. This is
dγ′/dz = −0.13± 0.12. The key result is that predicted
and observed evolution in γ′ differ significantly.
Equation 6 provides an efficient way to quickly com-
pare model predictions with observations. However,
in this context the “observed” evolution of γ′ is re-
ally a combination of observed quantities (the par-
tial derivatives) and model predictions (d logM∗/dz and
d logReff/dz). A more direct evaluation of the goodness
of the model is obtained by comparing models to the ob-
servables, i.e. the partial derivatives. Such a comparison
is done in Section 4. Here we simply point out a discrep-
ancy between the predicted evolution of γ′ and observed
data, the significance of which will be discussed later.
3. WET MERGERS
The above analysis is based on the assumption that
the growth of galaxies is a result of purely dry mergers.
In practice, mergers between galaxies are expected to in-
volve the accretion of gas, which can radiate away energy
and sink to the central parts of the main galaxy, even-
tually leading to star formation episodes. This infall of
gas can alter the density profile of the accreting galaxy,
making it steeper. Thus introducing dissipation in our
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Fig. 2.— Top panel. Solid line: Density slope γ′, averaged over
the mock galaxy population described in Section 2.3, as a function
of redshift. Shaded region: 68% confidence region for the observed
change in γ′ for a population of galaxies with the same mass and
size growth rate as the model one. Bottom panel. Average stellar
mass of the mock galaxy sample as a function of redshift.
model should help reproduce the observed evolution of
γ′.
Following the spirit of our approach we introduce dis-
sipation using a simple toy model. In spite of its sim-
plicity this approach allows us to isolate cleanly the ef-
fect of dissipation and estimate whether this solution
can work at all. Thus it should provide a very good
complement to hydrodynamic cosmological simulations
which are just starting to achieve the resolution to model
the internal structure of ETGs (Feldmann et al. 2010;
Oser et al. 2012; Johansson et al. 2012; Remus et al.
2013; Dubois et al. 2013).
We wish to test whether dissipation can work and
therefore we consider a plausible yet somewhat extreme
model which maximizes the effects on the mass profile. In
practice, we assume that a small fraction of the baryonic
mass of the merging satellite is cold gas, which, in the
merging process, falls exactly to the center of the galaxy
and forms stars. We calculate the response of the mass
distribution of the galaxy to the infall of cold gas follow-
ing the adiabatic contraction recipe of Blumenthal et al.
(1986), which is stronger than more recent ones based on
numerical simulations (e.g. Gnedin et al. 2004).
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Fig. 3.— Stellar (red) and dark matter (black) mass profiles for
a model galaxy, before and after the infall of gas at the center
and the subsequent adiabatic contraction. The blue vertical lines
indicate r = Reff .
The galaxies are modeled as spherical de Vaucouleurs
stellar bulges and a dark matter halo with an NFW pro-
file. The ratio between halo mass and stellar mass is
Mh/M∗ = 50, and the ratio between the scale radius of
the NFW profile and the effective radius of the stellar
component is rs/Reff = 10. For given infalling mass we
first calculate the new distribution of stellar and dark
matter mass following adiabatic contraction. Then we
calculate the stellar half-light radius. Finally we calcu-
late γ′ consistently with lensing and dynamics measure-
ments.
The change in Reff and γ
′ is caused by both the ad-
dition of new material at r = 0 and by the subsequent
contraction of the preexisting mass. The two effects have
a comparable impact on γ′. Figure 3 shows the original
mass distribution as well as the one following gas infall
and adiabatic contraction for a typical system. The re-
lation between the change in γ′ due to and the accreted
gas mass dMg can be fitted with a linear relation
dγ′
dMg
=
c
M∗
, (7)
with c = 7.9 (see Figure 4). The exact value of c depends
on the properties of the main galaxy. However, for the
same parameters explored in Section 2.1 and summarized
in Table 1 the variation of c is smaller than 10%.
This ingredient is then added to the model describing
the evolution of γ′ in the dry merger case. The accreted
gas mass is assumed to be a fraction fg of the accreted
stellar mass, so dMg = fgdM∗: for simplicity we assume
that fg is independent of redshift, stellar and halo mass.
Then Equation 2 is modified to
dγ′
dM∗
(ξ) =
1
M∗
[aξ + b + cfg] . (8)
The effect of the infall of gas on the effective radius is
quantified as
d logReff
d logM∗
= −2.8fg, (9)
which is a measure of the reduced increase of Reff due to
dissipation (see also Ciotti et al. 2007). This term will be
0.00
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γ
′
0.01 0.02 0.03
∆Mg/M∗
−0.10
−0.08
−0.06
−0.04
−0.02
∆
R
e
ff
/R
e
ff
Fig. 4.— Top panel: Change in the density slope as a function
of infalling gas (blue dots), and its best linear fit of Equation 7
(dashed line). Bottom panel: Logarithmic change in the effective
radius as a function of infalling gas (blue dots), and its best linear
fit of Equation 9 (dashed line).
Fig. 5.— Solid line: Density slope γ′, averaged over the mock
galaxy population described in Section 2.3 and evolved taking into
account the effects of wet mergers assuming fg = 0.1. Shaded re-
gion: 68% confidence region for the observed change in γ′ for a pop-
ulation of galaxies with the same mass and size growth rate as the
model one. For comparison, we plot the average γ′ of galaxies from
cosmological simulations of Johansson et al. (2012), Dubois et al.
(2013) and Remus et al. (in prep.).
added to Equation 1 when calculating the size evolution
in the model with wet mergers.
We set fg = 0.1 and calculate the evolution of the pop-
ulation average of γ′ analogously to Section 2.4. Results
are plotted in Figure 5, together with the observed evolu-
tion calculated with Equation 6. The average change in
γ′ is now dγ′/dz = −0.15 with a scatter of σdγ′/dz = 0.03.
Note that this new model modifies also the interpretation
of the observational results owing to the slightly smaller
theoretical size growth entering Equation 6. The key re-
sult is that, by introducing a reasonable amount of dis-
sipation, model predictions and observations are now in
good agreement.
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Fig. 6.— Solid lines: redshift evolution of the mock sample av-
erage of the effective radius in the dry (red) and wet (blue) merger
case. A gas fraction fg = 0.1 is assumed in the latter case. Dashed
lines: observed size growth we infer from the best-fit size evolution
measurements by Damjanov et al. (2011), Newman et al. (2012),
Cimatti et al. (2012), Huertas-Company et al. (2013) assuming no
progenitor bias.
So far we have focused our attention to the evolution
of the density slope γ′. There is another important piece
of observations that a successful model of galaxy evolu-
tion needs to reproduce: the size evolution. We want
to verify whether the two models considered so far pre-
dict a size growth consistent with observations. This is
done in Figure 6, where we plot Reff as a function of z
for the sample average in both the dry and wet merger
model, together with the observed average size evolution
of galaxies with the same mass as the model average, for
various literature measurements and assuming no pro-
genitor bias. Most measurements imply a stronger size
evolution than our model predictions for both the dry
and wet merger case, the discrepancy being worse for
the wet merger model. Adding dissipational effects then
helps matching γ′ observations, but increases the ten-
sion with size evolution data. Our knowledge of the size
distribution of massive ETGs at z < 1 therefore should
rule out models with too much dissipation. In the follow-
ing section we determine how much disspation is needed,
if at all, to best match both sets of observables. This
inference will also allow us to perform model selection,
i.e to compare how well the purely dry merger scenario
compares with the wet merger one.
4. CONSTRAINING THE AMOUNT OF DISSIPATION
As shown in Section 3, the infall of cold gas and the
subsequent adiabatic contraction help reconcile the pre-
dicted evolution of the density profile with observations.
At the same time however adiabatic contraction leads
to a decrease of the effective radius, such that models
with too much dissipation are in tension with size evolu-
tion measurements. The importance of these two effects
increases with increasing gas fraction, which we param-
eterize with fg. We wish to estabilish which values of
fg provide the best match to the data, including both
density slope and size measurements. We do this by gen-
erating mock populations of ETGs, evolved with different
values of fg, and by comparing scaling relations of γ
′ and
Reff with observations. Our mock population is built by
picking, for each one of the Ngal = 1000 mock galaxies
described in Section 2.3, a random snapshot on its evolu-
tionary track. This results in a set of galaxies uniformly
distributed in redshift in the interval 0 < z < 1. Sizes
and density slopes of these mock galaxies will depend on
the amount of dissipation allowed by the model, parame-
terized by fg. For fixed fg, we can infer how the average
density slope of the mock population scales with redshift,
stellar mass and effective radius by measuring ∂γ′/∂z,
∂γ′/∂ logM∗, ∂γ
′/∂ logReff with the same method used
by Sonnenfeld et al. (2013b). Similarly, we can measure
how the average effective radius scales with redshift and
stellar mass. We assume the following relation:
〈logReff〉 = logR0 +
∂ logReff
∂z
(z − 0.3) +
+
∂ logReff
∂ logM∗
(logM∗ − 11). (10)
We then fit for fg by comparing the model partial
derivatives of γ′ and Reff with the values measured
by Sonnenfeld et al. (2013b) (Equation 3, Equation 4,
Equation 5) and in size evolution studies. The redshift
dependence of the average effective radius, ∂ logReff/∂z,
has been measured by different authors. As Figure 6
shows, there is some scatter between the reported val-
ues, possibly indicative of an underlying systematic un-
certainty in the determination of the size evolution, of
differences in the selection function. In order to take
this uncertainty into account, we assume as the ob-
served value of ∂ logReff/∂z the mean between the val-
ues measured by Newman et al. (2012), Damjanov et al.
(2011), Cimatti et al. (2012), Huertas-Company et al.
(2013), and we take their standard deviation as the un-
certainty:
∂ logReff
∂z
= −0.37± 0.08. (11)
The mass dependence of Reff is measured by
Newman et al. (2012) to be ∂ logReff/∂ logM∗ = 0.59±
0.07. The fit is done in a Bayesian framework. The
posterior probability distribution for the gas fraction, as
well as the redshift evolution of γ′ and Reff , is shown in
Figure 7.
The data prefer non-zero values of the gas fraction,
with a median and 1 − σ interval of fg = 0.08 ± 0.01.
Purely dry merger models (fg = 0) are disfavored at
more than 99% CL (formally at 8-σ). The redshift de-
pendence of γ′ is well matched by the model, and the
z-dependence of Reff is consistent with observations at
the 2 − σ level. Although not plotted in Figure 7, we
verified that the dependences of γ′ on Reff and M∗, as
well as the dependence of Reff on M∗, are well consistent
with observations. This is expected, since the same ob-
served scaling relations were used to initialize the mock
sample at z = 0.3.
5. DISCUSSION
In Section 2.4 we evaluated the mean evolution in the
slope of the density profile γ′ of a mock sample of mas-
sive ETGs, under the assumption of growth by purely
dry mergers. We found that purely dry mergers produce
a strong decrease in γ′, dγ′/dz = 0.33 on average, incon-
sistent with observations. This result is robust against
different choices for the SHMR and against variations in
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Fig. 7.— Filled contours: Posterior probabiliy distribution of
the parameters describing the mock population of ETGs, pro-
jected on the space defined by the gas fraction, the dependence
of γ′ on redshift, and the dependence of Reff on redshift. Dashed
and dotted lines: 68% and 95% enclosed probability of the ob-
served redshift dependence of γ′, from Sonnenfeld et al. (2013b),
and of the effective radius, obtained by combining measurements
by Newman et al. (2012), Damjanov et al. (2011), Cimatti et al.
(2012) and Huertas-Company et al. (2013), as explained in the
text.
the values of the model parameters. We then extended
our model allowing for a modest amount of star forma-
tion in the mergers, and quantified the resulting effect on
γ′.
When considering simultaneously the evolution in den-
sity slope and size, we find that models with dissipa-
tion are strongly favored over purely dry merger models.
The most probable model has fg = 0.08, which accord-
ing to our assumptions means that 8% of the accreted
baryonic mass consists of gas that falls to the center of
the galaxy and forms stars. The mock galaxies in our
sample double their stellar mass between z = 1 and
z = 0, on average. This would imply that 4% of the
final stellar mass of our galaxies being the result of in-
situ star formation at z < 1, or a specific star formation
rate (sSFR) of ∼ 0.01Gyr−1. These numbers are consis-
tent with the largest amount of recent star formation al-
lowed by observations of ETGs, including spectral prop-
erties (Trager et al. 2000; Treu et al. 2002; Damen et al.
2009; Thomas et al. 2010), the evolution of the Fun-
damental Plane (Treu et al. 2005), UV (Kaviraj et al.
2011) and mid-IR fluxes (Fumagalli et al. 2013) and
spectral energy distribution fitting (van Dokkum et al.
2010; Tonini et al. 2012). Thus we conclude that our
model is as wet as it can be without violating known ob-
servational constraints. The other extreme assumption
of our model is that this cold gas falls all the way to
the center before forming stars. Although this is clearly
a toy-picture, it is at least qualitatively consistent with
the “blue cores” seen in the center of massive ETGs at
these redshifts (Menanteau et al. 2001; Treu et al. 2005;
Pipino et al. 2009). Observations of color gradients and
their evolution (e.g. Szomoru et al. 2013) provide addi-
tional tests for the plausibility of the proposed scenario.
Preliminary calculations show the predicted change in
colors due to wet mergers to be relatively small, and con-
sistent with observations. However a more detailed com-
parison requires a careful assessment of the observational
selection function as well as additional assumptions on
the star formation history and stellar populations. This
is beyond the scope of this paper and left for future work.
Purely dry mergers maximize the size growth of ETGs
for a given increase in mass, and thus introducing some
dissipation makes it harder to explain this observa-
tion. Even though the tension with the size-growth
data is much less than that between purely dry merg-
ers and the evolution of the mass density profiles, it
illustrates the challenges of achieving a fully self con-
sistent and quantitative description of the evolution of
massive early-type galaxies. The discrepancy might
be the result of progenitor bias (e.g. van der Wel et al.
2009; Cassata et al. 2013), which we have not accounted
for. Lo´pez-Sanjuan et al. (2012) estimate that progeni-
tor bias contributes ∼ 20% to the observed size evolution
at z < 1. This however raises the question of whether
the observed evolution in the density slope might also be
strongly influenced by progenitor bias effects. Can the
observation of 〈γ′〉 ≈ 2 between z = 1 and z = 0 still be
consistent with the dry merger model if we allow for the
continuous emergence of new systems pushing the pop-
ulation average 〈γ′〉 towards the measured value? This
is very unlikely. Our model shows that dry mergers de-
crease the average density slope of a population of galax-
ies by ∼ 0.3 between z = 1 and z = 0. On the other
hand, the scatter in γ′ over the population of massive
ETGs is as small as 0.12 (Sonnenfeld et al. 2013b). In
order to reproduce both the observed 〈γ′〉 and scatter at
z = 0, the descendants of z = 1 ETGs must be strongly
outnumbered by newly born systems, at odds with ob-
servations (Ilbert et al. 2013; Cassata et al. 2013).
The toy model developed in Section 3 is far from per-
fect, given the many simplifying assumptions it is based
on. The effect of wet mergers on the density profile
of ETGs is probably less pronounced in reality than in
the idealized case considered here, and must be studied
with dedicated numerical simulations in order to make
quantitative statements. Nevertheless, our work shows
with great clarity that i) dry mergers cannot be the
only mechanism driving the evolution of massive ETGs;
ii) a small amount of dissipation, consistent with ob-
servations, can bring the predicted evolution of γ′ in
agreement with lensing measurements, as previously pro-
posed by Ruff et al. (2011). This finding is consistent
with results from cosmological simulations that include
dissipative effects, which predict trends in γ′ in quali-
tative agreement with the data (Johansson et al. 2012;
Remus et al. 2013; Dubois et al. 2013, see Figure 5).
As an alternative to the wet merger scenario,
Bolton et al. (2012), based on the results of simulations
by Nipoti et al. (2009b), suggested off axis major dry
mergers as a way to increase the density slope. However,
among the off-axis simulations of Nipoti et al. (2009b),
only those with M∗/Mh ∼ 0.1 produce remnants with γ
′
higher than in the progenitor, while γ′ decreases sharply
in those with the more cosmologically motivated stellar-
to-dark mass ratio M∗/Mh ∼ 0.02. Moreover, we stress
that a crucial point in connecting models with obser-
vations is defining γ′ in a consistent way. Theoretical
works (e.g. Nipoti et al. 2009b; Johansson et al. 2012;
Dubois et al. 2013) often define γ′ by fitting ρ(r) with
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Fig. 8.— Total density slope γ′ as defined in lensing and dynam-
ics studies vs. γ′ obtained by a direct fit to the angle-averaged
density profile ρ(r) for the merger remnants (circles) and progeni-
tors (squares) of the N-body simulations of Nipoti et al. (2009b).
Vertical error bars account for projection effects.
a power law ρ(r) ∝ r−γ
′
over a range of radii. The two
methods give different values of the slope (see Figure 8)
and we verified that, by measuring γ′ as described in
Section 2.1, the higher values of γ′ predicted by the sim-
ulations of Nipoti et al. (2009b) get revised downward
by an appreciable amount. The net effect, and one of
the core result of our work, is that dry mergers decrease
the density slope γ′, as defined in lensing and dynamics
measurements.
Finally, while our results suggest that dissipation plays
a role in the evolution of ETGs, the origin of the cold gas
involved in the process can still be subject of debate. Gas
can for example be produced as a result of stellar mass
loss. If internal sources of gas are the dominant ones,
then wet mergers might not be necessary to keep the
density profile from getting shallower, provided that the
gas can effectively cool down and reach the central parts
of the galaxy. Mergers might still play a role by inducing
starbursts in the pre-existing gas.
6. CONCLUSIONS
We studied the effect of dry mergers on the slope of
the density profile of massive ETGs. Both minor and
major mergers produce a decrease in the density slope
γ′, the effect being stronger for minor mergers, at fixed
accreted mass. However, purely dry mergers produce a
strong decrease in γ′ with time, inconsistent with lensing
observations at more than 99% significance. We thus
developed a toy model to account for the infall of cold
gas and star formation following wet mergers. We found
that it is sufficient to accrete 4% of total mass in the form
of cold gas to match the observed evolution in γ′ since
z ∼ 1, while still be consistent with the observed size
evolution. We suggest a scenario where the outer regions
of massive ETGs grow by accretion of stars and dark
matter, while small amounts of dissipation and nuclear
star formation conspire to keep the mass density profile
constant and approximately isothermal.
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